Abstract: Mid-infrared (MIR) on-chip sensing on Si has been a progressive topic of research in the recent years due to excitation of vibrational and rotational bands specific to materials in this range and their immunity against visible light and electromagnetic interferences. For on-chip applications, integration of all the optical components including the MIR source is crucial. In this work, we introduce a slab photonic crystal (PhC) thermal source where the birthplace and the filtering of the photons occur in the same region. Due to the forbidden frequency bands and high density of states in the band edge, it provides electric efficiency and filtering performance.
Introduction
Silicon photonics technology, where the optical circuits are realized in CMOS technology and mainly in the telecommunication spectra, has opened up a new venue in the past two decades for achieving on-chip optical devices. Advances in this domain at the telecommunication wavelengths have laid the groundwork of utilizing this technology in other spectral ranges, such as visible and MIR. For sensing applications, the MIR domain is of a great interest, since the absorption peak due to photon-phonon coupling of the many simple molecules falls within this regime [1] . It has been shown that high performance though expensive and bulky spectroscopy can be reached with a sensitivity of down to part per trillion [2, 3] . However, reaching such a performance in fully integrated system on chip device is far from trivial [4, 5] . One of the challenges that had to be addressed in this domain is to provide on-chip and low cost optical sources. It has been shown that group III-V compounds interband cascade and quantum cascade devices can provide MIR sources [6] [7] [8] [9] [10] . However, these compounds are not compatible to be efficiently grown onto the silicon platform which make the device manufacturing complicated and expensive. In this work, a thermal source in a photonic crystal lattice filter is studied for an on-chip gas sensing application based on Si photonics [11, 12] . Such a system is fully compatible with the routines of CMOS fabrication plants and can result in functional chips with a reduced price. Our approach is based on controlled thermal generation of photons in the wavelength of interest in a series of slab PhCs with different lattice parameters. The forbidden bandgaps of the PhCs are designed and arranged so that only photons at a narrow-band window of interest are allowed to be emitted or leave the emitter to the rest of the on-chip devices. In this work, optical analysis were performed with finite element time domain (FDTD) method using the commercially available package of R-Soft and the thermal property of the system was analyzed using COMSOL Multiphysics.
System under Study
A system of PhC holes on a Si slab has been developed to serve as a source for a Si slab waveguide. This system will be later adapted to an evanescent-field silicon waveguide platform for sensing CO2 gas; and therefore, it is designed to emit at a wavelength of 4.26 µm [11] .
A PhC lattice with a band gap region can be considered as a band-stop filter. By combining two PhC filters with different band stops, a narrow passage within a certain frequency window can be designed. In this work, our working window is 0.2 < /2 < 0.5, where c is the speed of light in the free space, ω is the radial frequency and a is the lattice constant. Figure 1a shows the arrangement of the proposed thermal emitter. The system comprises four main regions based on PhCs with various dimensions: filters 1 and 2, a mirror and a matching interface. The choice for the dimensions of the two filters and the mirror section is based on a gap map of Figure 1c . In this diagram, the first transverse magnetic (TM) gap of a hexagonally-arranged photonic crystal lattice is extracted with respect to the variation of the hole radius to the lattice constant / . Filter 1, with / = 0.45, is considered to be doped Poly-Si with a concentration of 1 × 10 20 cm −3 to serve both as the emitter and filter. In other words, the birth place of the thermally generated photons is a lattice which suppresses the emission of those photons with an energy lying within their band gap. Based on the gap map of Figure 1c , filter 1 acts as a low pass filter in our working window, and suppresses photon of a normalized energy higher than /2 = 0.295. Being conductive, filter 1 carries an electric current in order to heat the region up to relatively high temperatures. The high temperature of this region is shown in Figure 1b as a function of input electric power density, induces Planck's black body radiation. Since the generation of these photons occurs in the filters 1, no photon with energy within the corresponding bandgap has the chance of propagating in the crystal. As a result, the emission from such structure is already selectively filtered around the working frequency band. The second filter, with / = 0.3, acts as a high pass filter within our working area and blocks the propagation of the photons with a normalized energy lower than /2 = 0.27. The mirror region, with / = 0.35, has a band gap covering our frequency of interest, and therefore, it reflects back the photons of the energy 0.286 < /2 < 0.296 travelling in (-x) direction into the guiding area. Finally, the matching section provides an adiabatic change of the PhC mode to the slab mode reducing unwanted reflection due to momentum mismatch. The center of the holes of the adiabatic region has been considered to follow the position of a lattice with a constant of the one for filter 2, while the radii of its hole would decrease following the below formula:
where L is the length of the matching part, r0 is the radius of holes in filter 2, rf is the smallest radius of the holes and β = 0.5, 1, or 1.5 is a damping coefficient which determines whether the transition is concave, linear or convex, respectively. Figure 1d shows three graphs for which the transition has changed from concave to linear and convex. The damping rate α for which the intensity drops exponentially throughout the propagation with a factor of − , for the three different kinds of matching with similar length L is a = 1.2 × 10 −4 µm −1 , 8.4 × 10 −4 µm −1 and 7.7 × 10 −4 µm −1 , respectively. At the free space wavelength of 4.26 µm, according to this calculation, the concave matching provide less in-plane loss for this structure, which suggests that a concave transition is a more suitable choice for our design.
Results and Discussion
To model the emittance of PhC emitter we use Kirchoff's law, stating that emittance and absorptance are equivalent [13] . The reflection and/or transmission spectra of each individual parts of the system are shown in Figure 2a -c. For the simulation, a TM mode is first excited in a slab and its reflection and transmission were recorded. The structures were terminated with a perfect matching layer (PML) in order to prevent unwanted reflections. Figure 2a shows the reflection from the filter1 and 2. The narrow wavelength range with low reflection for both filters corresponds to the emittance wavelength range of the emitter. Figure 2b shows a close to 100% reflection of the mirror throughout our working wavelength window. Figure 2c shows that almost 80% intensity of the light produced in the emitter passes through matching layer and is converted to slab mode.
The absorption and energy density spectra of the whole system for the case of filter 1 being doped and undoped, respectively, are shown in Figure 2d , based on which the system provides well-defined absorption at around the wavelength of our interest (λ0 = 4.26 [µm]), and suppresses the other wavelengths around this region. Small mismatched between energy density and absorption spectra in Figure 2d is because of the difference in the refractive index of the doped and undoped silicon. Since the ensemble emissivity of such system is equal to its absorbance, the result of Figure 2d also represents its emitting performance. 
Conclusions
In this work, we presented the design of an on-chip Si-based thermal emitter based on PhC band engineering. This emitter tends to be used as a mid-infrared source for CO2 gas sensing. The system is based on filtering out the broadband Planck's black body radiation so that the sensing path only carries the photons with high absorption probability for CO2 and it prevent interaction of light with other molecules in other wavelengths. The implementation of the proposed structure can be easily adapted to the standard MEMS technology and the dimensions can be updated based on the frequency range of interest.
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